The recent push to use more aluminium in automobiles has stimulated interest in understanding electromagnetic forming (EMF), which uses induced electromagnetic fields to generate high strain rates during the forming process. The high strain rates increase the formability of aluminum materials and might reduce elastic spring-back and wrinkling of the workpiece. Primary emphasis is placed on including of all relevant physical phenomena, which govern the process, as well as their numerical representation by means of simplified electrical equivalent circuits for the EMF machine and fully coupled field approach of the transient electromagnetic and mechanical phenomena. Moreover, the thermal effects due to Joule heating by eddy currents and plastic work are considered. The numerical model predicts the electromagnetic field, temperature, stress, and deformation properties that occur during the forming process. The numerical results of the tube deformation are compared with available experimental data.
Introduction
To better understand the physics and behaviour of EM forming a numerical model of the EMF process is highly desired. Numerical modelling of the electromagnetic forming process requires, however, the simultaneous solution of the transient electric circuit (EMF charging machine), electromagnetic, structural, and thermal equations. In most numerical studies thermal effects were neglected. The introduction of thermal effects into the numerical model was left for future work, once the physics due to the electromagnetic and structural phenomena is better understood [1] . Some attempts have been also made at a fully electromagnetic-mechanic coupled model, but neglecting the simulation of the electric circuit of the EMF charging machine [2] . In our opinion, the accuracy of the simulation of EMF can be significantly improved if the formulation of the problem includes the effects of workpiece motion, workpiece deformation, and workpiece heating on the electromagnetic fields and finally on the electric circuit parameters of the EMF charging machine.
In order to simulate the transient phenomena involved in EM forming, a commercially available finite element software package, ANSYS 8.0, is used. The ANSYS/Multiphysics module is used to model the transient electric circuit, electromagnetic, structural, and thermal phenomena for a 2D axial symmetric geometry. Fig. 1 shows the cycle of the simulation for the full coupled problem. The tool coil is excited by the current pulse J(t,u,T) generated by the electric circuit of the EMF machine. This current pulse generates a transient magnetic field inside the tool coil. The transient magnetic field increases within a few µs up to its maximum so that eddy currents are induced in the workpiece. The electromagnetic force F(t,u,T) results from the vector product of the magnetic flux density and of the induced eddy currents. The workpiece will be heated up by the energy dissipated by eddy currents W J (t,u,T) and plastic work W pl (t,u,T) . Finally, the temperature rise of the workpiece T(t) and the workpiece deformation u(t) influence the electric current pulse J(t,u,T). The computational results are compared with the experimental tube compression data, obtained at the Chair of Forming Technology of the University of Dortmund. The necessary input for the simulation is only the geometry and material parameters of the regarded setup and the relevant parameters of the simplified equivalent network model of the EMF machine.
The electromagnetic finite element model is made up of different regions including the coil, workpiece, air surrounding the coil and workpiece. The workpiece is an aluminium tube made of AA6060 alloy with a diameter of 40 [mm], length of 75 [mm] , and wall thickness of 2 [mm]. The 27 [mm] long tool coil with 14 turns and cross-section area of 3.8775 [mm 2 ] is made of copper [3] . The air surrounding the system is required in order to model the propagation of the magnetic field generated by the coil current. The medium of the conducting workpiece (coil) is homogeneous, linear, and isotropic in its electromagnetic behaviour. The isotropic plastic behaviour of the aluminium workpiece is described by a modified Johnson-Cook-law [4] (
properties of the surrounding air are assumed to be that of vacuum. The workpiece is excited by a current pulse from the high-current pulse generator of EMF machine. The electric circuit for a highcurrent pulse generator consists mainly of a capacitor bank and high voltage, high-current switch.
The ANSYS finite element model is coupled with the discrete circuit elements resistance R, inductance L, and capacitance C, and an ideal switch element, which approximately describe the EMF machine (the time/temperature dependent effects are not taken into account). The equivalent network parameters of the EMF machine SMU 1500 are given in Table 1 [3] . 
Results
The nominal discharge energy of 1300 J was used as input for the equivalent RLC network model of the EMF machine SMU 1500. The calculated current and voltage drop at the capacitor of the RLC circuit are shown in Fig. 2 . For comparison the current and voltage drop for a configuration with prevented workpiece deformation are shown, too. The electric circuit is coupled to the finite element model and the current is impressed into the finite elements of the copper coil. As shown in Fig. 2 the deformation of the aluminium tube has a direct influence on the coil current. The workpiece deformation increases the air gap between workpiece and the tool coil, which leads mainly to change of the mutual inductance between the coil and the workpiece. In addition the deformation takes up energy of the system, which increases the losses of the RLC circuit. Therefore both the frequency of the current pulse and the current amplitude are being changed. The deformed finite element region of the cylindrical workpiece, and a part of surrounding air are shown in Fig. 3 at the time t = 80 µs. The deformation of the intervening air mesh in a finite element approach is necessary for a correct transient electromagnetic solution and therefore for a correct determination of magnetic Lorenz forces needed for the workpiece deformation. The deformation of the center of the aluminium tube is plotted as a function of time in Fig. 4 . As shown in this figure the plastic deformation of the workpiece is completed roughly after 45 µs -the first half wave of the current excitation pulse (see Fig. 2 ). Afterwards only elastic oscillations of the cylindrical workpiece take place. The calculated displacement agrees quite well with the experimental data obtained at the Chair of Forming Technology of the University of Dortmund. The computational final displacement is however larger (roughly 13 %) than the measured one. This deviation originates mainly from neglecting of the strain rate terms of the flow stress-strain curve (see the modified Johnson-Cook law in Eq. 1). Fig. 4 . Tube deformation as a function of time.
The total strain rates (elastic and plastic) of the center of the aluminium tube are plotted as a function of strain in Fig. 5 . As shown in this figure the (experimental) strain rates exceed 6000 1/s. These large strain rates will harden the material and increase the necessary yield stress. If the strain rate hardening will be taken into account, the calculated displacement will be certainly reduced. Although the calculated total strain rates are generally larger than the experimental ones, the overall agreement is quite good. Fig. 5 . Total strain as a function of total strain rates.
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The calculated forming velocity of the tube center is compared with the available experimental data in Fig. 6 . The numerical results during the plastic deformation as well as the elastic oscillations agree well with the experimental data. Regardless of the quit short forming process (round 45 µs) the forming speed is quite large. Fig. 6 . Tube center deformation velocity as a function of time.
The temperature distribution in the workpiece during the electromagnetic forming process depends upon the heat exchange between the forming coil and the workpiece, the plastic deformation work, and Joule heating due to eddy currents induced in the workpiece. The major contribution to the temperature rise of the workpiece is expected to come from internal heat dissipation due to eddy currents [5] . The source for the temperature rise of the workpiece is the rate of energy generation in the workpiece given by the Joule losses inside the workpiece. The Joule losses are determined from the known values of the induced eddy currents. Once the temperature field is known, the effects of the temperature dependent material parameters like resistance, yield stress, and others can be determined.
The cylindrical workpiece has both convective and radiative losses to the surrounding air. In the case of a moderate heating up of the cylindrical workpiece the contribution of the radiative losses is significantly smaller than that of Joule heating rates. That means that the radiative losses can be neglected. The situation for the convective losses is quite different. It can be shown, however, that time scale constant indicating the time when convective cooling becomes effective is of the order of several seconds [6] . The time scale constant is therefore orders of magnitude larger than the typical time scales of the generated electric currents implying that the convective cooling sets in long after the electric current has passed through the cylindrical workpiece and the after the deformation process of the cylindrical workpiece. Therefore adiabatic boundary conditions can be used for the transient thermal solution of the EMF forming process. However, for the cooling phase after the forming process and a possible forced cooling of the tool coil during the forming process the appropriate convective boundary conditions have to be taken into account.
The preliminary results for the temperature rise of the cylindrical workpiece due to eddy currents are shown in Fig. 7 . Since the eddy current depth is a function of the ringing frequency of the coil current pulse (see Fig. 2 ) the effect of the skin depth on the temperature distribution within the workpiece is apparently. The temperature rise of the workpiece due to both Joule heating and plastic work is shown in Fig. 8 . In addition the temperature rise of the copper tool coil due to Joule losses is represented, too. It should be noted, that these temperature distribution are instantaneous at time t = 80 µs. 

Summary and Outlook
A fully coupled numerical procedure including the equivalent electric circuit of the EMF charging machine, electromagnetic field propagation, heat transfer, and dynamic elasto-plastic deformation has been developed based on finite element package, ANSYS. The developed model allows a reliable and numerically-efficient simulation of electromagnetic forming. To the best knowledge of the authors, a numerical solution to the fully coupled problem has not been previously achieved. The primary goal of a simulation of electromagnetic forming is to predict the deformation of the workpiece. The mechanical properties of the workpiece after deformation depend on the strain and strain rate hardening and temperature rise due to Joule heating and plastic work. These effects occur simultaneously and only a net effect can be observed experimentally. The developed procedure allows distinguishing the effect of these different physical processes. Future research is, however, needed both in laboratory and in simulation to better understand how the mechanical properties of electromagnetic formed workpieces are spatially and temporally affected both by strain and strain hardening and temperature rise due to eddy currents and plastic work.
